INFLUENCE OF VEHICLE RELATED HEATS ON ‘BLACK ICE’
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ABSTRACT

Melting of the snow and ice (S/I) on a road and the subsequent refreezing often cause traffic accidents.
These phase changes tend to occur after traffic jam below the freezing point and is changeable to ‘black
ice’. However, the consideration about the relation between the vehicle related heats (vehicle heats) and
‘black ice’ has been inadequate.

There are many road freezing forecasting (RFF) models, but most of them have not given careful
consideration to the thermal influence of vehicles on the S/l conditions. We have developed an extended
RFF model in consideration of three kinds of vehicle heats, i.e. tire frictional heat, vehicle radiant heat
and sensible heat due to vehicle passage and it is named vehicle heat RFF (VHRFF) model.

Numerical simulations using the VHRFF model were conducted to understand the influence of the
vehicle heats on the S/I conditions associated with traffic stop and go at a traffic light.

The numerical results could show that the vehicle heats have the potential to melt and to freeze the S/I
on a road surface, and inferred that the melting and refreezing eventually induce the formation of ‘black
ice’ on the road.

1. INTRODUCTION

We have been developing a road freezing forecast (RFF) model using a heat balance method to
reconcile the reduction of road management expenses and safe traffic in winter. The heat balance of the
S/l on aroad is determined by both internal and external thermal factors. The internal factors include the
road structures, the thermal properties of pavement and the road foundation materials. The external
factors consist of natural factors and artificial factors. The former are involved in weather and
geographical features and the latter include road salts, heat from vehicles and mechanical snow
removal.

RFF models based on the heat balance on the road surface have been reported by Sass [1],
Shao & Lister [2], Ishikawa et al. [3] and Morstad [4], etc. The common feature of these models is that
only the natural factors determine temperature of the road surface.

Following these studies, Ishikawa et al. [5] and Takahashi et al. [6] reported that radiant heat from
the bottom of a vehicle (vehicle radiant heat) significantly affects the heat balance on the road surface.
Kinoshita et al. [7] and Fujimoto et al. [8] pointed out that the tire frictional heat (heat transfer between
tire and road surface) is important in the occurrence of ‘black ice’ on the road surface. Fujimoto et al. [9]
reported that the sensible heat due to vehicles induced wind velocity (vehicle sensible heat) is an
important factor for the heat balance of the road surface according to weather and traffic conditions.
Moreover, Fujimoto et al. [10] reported that road surface temperature, T,s (°C), fluctuates about the
freezing point by vehicle stop and go behavior due to a traffic light.
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Figure 1. Diurnal variations of road surface temperature.

Figure 1 (a) and (b) show the diurnal variations of Ty. In this figure, Ty for three different traffic
conditions were shown: Case-0: no vehicle, Case-1: traffic on a road without a traffic light, and Case-2:
traffic at an intersection with a traffic light. The assumed vehicle stop and go time (duration) at the traffic
light were 1 and 5 minutes, respectively throughout the day for Case-2. Comparing T,s of Case-0 with
that of Case-1, it is seen that the former is relatively high for the daytime and relatively low for the
nighttime. The shade made by the vehicle body and the vehicle sensible heat lower T, while the tire
frictional heat and vehicle radiant heat contribute to the rise of Tps.

T,s of Case-2 is changed in wavelike fashion due to the difference in the vehicle heats between
the vehicle stop and go time. Ty rises during the vehicle stop time because of tire frictional heat, while
Tys falls during the vehicle go time. Tire frictional heat of 300 W/m? is intermittently supplied in the
periods of 6:00-8:00 and 21:00-6:00 to the road surface, so that the amplitude of T, becomes 2°C. Ty
fluctuated about the freezing point at this phenomenon is called “zero-crossing” in this study. The
“zero-crossing” was, however, found out by the simulation for a dry pavement. Therefore, the possibility
of melting and refreezing of the S/l on a road surface is still uncertain.

From this research background, a new simulation using the VHRFF model was performed to
quantitatively examine the correlation between the formation of ‘black ice’ on the road surface and
vehicle stop and go behavior due to a traffic light.
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Figure 2. Schematic view of heat balance of S/l layer in night time.

2. HEAT AND MASS TRANSFER THEORY FOR SNOW/ICE ON ROAD
2.1 Heat Balance Equation

Figure 2 shows the heat balance of the S/l layer in the nighttime. The heat balance of the S/l layer

in the vehicle passage part is given by Eq. (1):
Ty

(pc)si FSIAZsi =G+Rgy R, +S, +Le +Ly +Q, =Qpet 1)
where (p¢)s; is the volumetric heat capacity of the S/l layer (I/m3K), tis time (s), Tsi is the temperature of
the S/l layer (°C), 4 z; is the thickness of the S/l layer (m), G is the pavement heat flux (W/m?), Ryq is the
sky radiant heat flux (W/m?), R, is the long-wave radiant heat flux from the S/I surface (W/m?), S, is the
sensible heat flux associated with air flow (W/m?), L is the latent heat flux associated with sublimation or
condensation (W/m?), L. is the latent heat flux associated with melting or freezing of the S/l layer (W/m?),
Q. is the total vehicle heat flux (W/m?) expressed by Eq. (8) and Qe is the net heat flux across the S/I
layer. Since L, is much smaller than other heat fluxes, L. is disregarded in this paper.

Q) Pavement Heat
Heat flux across the pavement surface (pavement heat), Csp, is calculated using a thermal
resistance, R, (m?K/W), as follows:

c - 1
> Azsii/z_i_Azpis/ZJ’_R

Agi Ay ¢

(Tps -Ts ) (2)

where A is the thermal conductivity of the S/I layer (W/mK), 4, is the thermal conductivity of the
pavement (W/mK), Azg is the thickness of pavement surface layer (m), T, is the temperature of the
pavement surface layer.

R. depends on the volumetric air content, &, of the S/I layer, which reflects the resistance of the
heat flow path between the S/l and the pavement surface, and is given by Eq. (3), [11],
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Figure 3. Correlation between predicted and measured tire temperatures.

R, =0.6x107% exp(5.36,) 3)

(2) Long-Wave Radiant Heat
Ry, is calculated by the Stefan-Boltzmann law,

R, = &50(Ty +273.15) (4)
where & is the emissivity of the S/l layer surface and o is the Stefan-Boltzmann constant (5.67x10®
W/m?K?). & is expressed by the harmonic mean as follows:

&s = &0y +‘9w(1_95i) (5)
where ¢; is the emissivity of ice surface (= 0.98[12]), &, is the emissivity of water surface (= 0.96[12]), &

is the mass ice content.
Ry is assumed to be constant of 270 W/m? in the present numerical simulations.

(3) Sensible Heat Flux Associated With Air Flow
S. is evaluated using Newton’s law of cooling,

S, =a (Ta _Tsi) (6)

where a5 is the heat transfer coefficient between the S/l layer surface and atmosphere (W/m?/K) and T,
is an atmospheric temperature (°C). The value of «5 is estimated from the wind velocity, Vs (M/s), using
our previous experimental result, [13]:

a, =6.4,. " +2.2 7)

(4)  Vehicle Heats
The total vehicle heat flux, Q,, is given by the sum of the tire frictional heat flux, S;, the vehicle
radiant heat flux, R,, and the vehicle sensible heat flux, S,,. That is

Qv = St + Rv + Sva (8)

S, may be calculated by Newton'’s law of cooling,
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S, = Ay (Tt _Tps) 9

where oy, (=70 W/m?K [8]) is the heat transfer coefficient between the S/I layer surface and tire, and T,
is a tire temperature (°C).

T, is given by the following empirical correlation, regardless of road surface conditions (see
Figure 3).

T, =0.9T,+0.33V, (20)
where V, is vehicle speed (km/h).

R, may be evaluated by the Stefan-Boltzmann law using the temperature, T,, on the bottom
surface of the vehicle. That is

R, = &,0(T, +273.15)* (11)

where &, is the emissivity of the vehicle bottom (= 0.80).
The spatial variation of T, in the direction of vehicle movement (x) is simplified as shown in Figure
4. Thatis

T,=T,+440 (0<x*<0.2)
T,=T,+259 (0.2<x*<0.4) (12)
T,=T,+203 (0.4<x*<1.0)

where x,* is the normalized distance (=x, /L.y, X,: distance from the vehicle front, L,,: vehicle length).
Sva is given by Newton’s law of cooling as

Sy = s (Ta _Tps) (13)
where « is the heat transfer coefficient (W/m?K) and is expressed in terms of the vehicle induced wind
velocity, V,, (m/s);

ag =6.4V,°%" +2.2 (14)

Figure 5 shows the time variation of V,, for different vehicle speeds, V, (km/hour). During
acceleration

V,

w

—at (0<t<t, ) (15)

where t, max iS elapsed time when V,, reaches a maximum, Vy, max-
For the deceleration period
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Figure 5. Time variation of vehicle-induced wind velocity for different vehicle speeds.

Vw :Vw max exp{— b(t _tv max )}_ C(t _tv max)
(tvmax <t StvO)

where t is elapsed time when V,, becomes zero again. Coefficients, a, b, ¢, and the parameters, Vi, max
ty max &nd tyo in Egs. (15) and (16) are given by the following functions of V,, respectively.

(16)

a=0.08V, 17)
b =0.28x1072V, +0.13 (18)
C =Vy max exp{— b(tvo =ty max )}/(tvo -, max) (19)
V., max = 0.08V, (20)
e = 1.26xp(-0.3x102V, ) 1)
t,o =-1.4x107%V, + 7.6 (22)

2.2 Mass Balance Equation

The time change rate of the ice mass, M; (kg/m?), in the S/I layer is given by Eq. (23):

oM,
?zMif +M; - M;, (23)

where My is the snowfall mass flux (kg/m?s), M is the phase change mass flux due to sublimation
(kg/m?s) and M,, is the melting or freezing mass flux (kg/m?s). Since the present aspect is put on the
formation of ‘black ice’ associated with traffic stop and go at a traffic light, My and M; are disregarded in
this paper.

My is given by Eq. (24).

o1 QO (24)
1000 q,,

where q, is the heat of fusion (kJ/kg).



Table 1 Weather, traffic and initial snow conditions for numerical simulations.

Simulation period
Night time (5 hours)

Weather condition Initial snow condition

Air temperature  :-5°C Thickness 5 mm
Relative humidity : 95% Density : 800 kg/m®
Wind velocity :0m/s Mass ice content : 100%
Sky radiation : 270 W/m? Temperature :0°C

Traffic condition

Simulation  Traffic volume F,  Vehicle speed Vy  Stop time t,s / go time t,,
Case-0 0 - -
Case-1 200 vehicles/hour 30 km/hour -

3 minutes / 5 minutes (0 — 2 hours: Ti-1)

Case-2 200 vehicles/hour 30 km/hour {10 seconds / 5 minutes (2 — 5 hours: Ti-2)

3. EFFECT OF VEHICLE HEATS AND TRAFFIC CONDITIONS ON S/I LAYER ON A ROAD
3.1 Model Assumptions

The following three assumptions were applied to the present numerical simulations.

i)  The frequency of vehicle passage is constant and is calculated from hourly traffic volume.
i)  Vehicles all pass over the same track within a lane.

iii) All vehicles are the cars with a standard size (L, = 4.0 m).

3.2 Simulation Conditions

Three different simulation conditions were designed: Case-0: no vehicle, Case-1: a road without
a traffic light, and Case-2: an intersection with a traffic light. The weather, traffic and initial snow
conditions are shown in Table 1. The numerical simulations were carried out for 5 hours in the night. The
time increment of the computation, At, was one second. It is assumed that an atmospheric temperature,
Ta, is -5°C, the relative humidity, RH,, is 95%, the wind velocity is 0 m/s and the sky radiation, Ry, is 270
W/m?. These values are also assumed to be constant for the whole simulation period. The snow was
accumulated before traffic jam associated with going home. The initial snow condition on the road is
given as follows: the snow height is 5 mm, the snow density is 800 kg/m3 and the mass ice content is
100% (completely dry snow).

The traffic frequency, F; (number of vehicles per hour), was assumed to be 200 for the
computation period. The vehicle speed, V,, was constant at 30 km/h for both Case-1 and Case-2.
Regarding Case-2, the vehicle stop and go time at the traffic light, t,s and t,,, were set as 3 minutes and
5 minutes for the period from 0 to 2 hours (Ti-1), i.e. during traffic jam and then changed to 10 seconds
and 5 minutes for the period from 2 to 5 hours (Ti-2), i.e. during non-traffic jam, respectively.

3.3 Simulation Results
(1) Heat Fluxes

Figure 6 shows the time variations of heat fluxes (Ry, Sya, Ly and R +Ryg) for first 30 minutes of
the simulation period for Case-2. S, was almost zero and R, + R4y was constant at 40 W/m2. R, of 340
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Figure 7. Time variations of temperature of S/l layer for three different traffic conditions.

W/m?® was supplied to the S/I layer for the vehicle stop time and led to negative L, associated with the
melting of the S/l layer. L,,, however, changed from negative to positive, as soon as vehicles began to go.
The positive L, means the freezing of the S/, i.e. the refreezing after the melting. The refreezing was
attributed to the decrease in R, and the occurrence of S,,.

(2) Temperature

Figure 7 shows the time variations of Ty for Case-0, Case-1 and Case-2, respectively. T of
Case-0 falls with elapsed time due to negative R, and approaches the equilibrium temperature.
Comparing T of Case-0 with that of Case-1, the latter was about 0.5°C lower than the former. This is
caused by the vehicle radiant heat, S,,. As traffic frequency or the vehicle speed increases, the decent of
T becomes obvious. On the other hand, T = 0°C continued for about one hour after the traffic jam had
ended. After that, T4 of Case-2 started falling in wavelike fashion with time.
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Photograph 1 Refreezing of packed snow surface after melting
due to tire frictional heat associated with wheel slide.
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3) Mass ice content

Figure 8 shows the time variation of the mass ice content, &, of the S/l layer. Both values of &, for
Case-0 and Case-1 were 1.0 for the simulation period (not shown in this Figure). There was no melting
of the S/l layer for Case-0 and Case-1. &5 of Case-2 varied in wavelike fashion due to the difference in
the vehicle heats between the vehicle stop and go time. 6, decreased due to snow melting during the
vehicle stop time, while &, increased due to refreezing during the vehicle go time. The melting of the S/I
layer excelled than the freezing during the traffic jam. Taking account of T = 0°C for Case-2 during the
traffic jam, it is reasonable that the melting of the S/l layer is imperfect. However, after the traffic jam was
over, the freezing of the S/l layer excelled than the melting and &5 asymptotically approached 1 again.
Consequently, the time rate of the refreezing was twice that of the melting. Since this refreezing process
is quite similar to that observed in our wheel-tracking test [8], it is inferred that the S/I layer surface may
become slipperier like ‘black ice’ or a specular ice surface (ice road surface) shown in Photograph 1.



4.

CONCLUSIONS
Numerical simulations using the proposed VHRFF model were carried out to examine the

correlation between the formation of ‘black ice’ on a road surface and vehicle stop and go time by a
traffic light.

The numerical results could show that the vehicle heats have the potential to melt and freeze the

snow and ice on a road surface, and inferred that the repetition of melting and freezing of the snow and
ice eventually may induce the formation of ‘black ice’ on the road surface.
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